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Abstract 

The twin Higgs mechanism has recently been proposed to solve the little hierarchy 
problem. In the context of the Left-Right twin Higgs(LRTH) model, we discuss single 
production of the new charged gauge boson W^, which is predicted by the left-right twin 
Higgs model, in association with top quark at the CERN Large Hadron Collider (LHC). 
It is found that, for a typical nonzero value of mass mixing parameter M=150GeV in the 
LRTH model, the production cross section is in the range of 3 x 10~ 2 — 6.07 x 10 3 /6 
at the LHC. As long as the WZ is not too heavy, the possible signatures of the heavy 
charged gauge boson might be detected at the LHC experiments. 
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1 Introduction 



The standard model(SM) provides an excellent effective field theory description of almost all 
particle physics experiments. But in the SM the Higgs boson mass suffers from an instability 
under radiative corrections. The naturalness argument suggests that the cutoff scale of the 
SM is not much above the electroweak scale: New physics will appear around TeV energies. 
Most of the new physics models predicted the existence of the new gauge bosons with masses in 
the TeV range. Thus, search for extra gauge bosons provides a common tool in quest for new 
physics at the next generation collider experiments. The discovery and study of extra gauge 
bosons is one of the important goals of the CERN Large Hadron Collider(LHC). 

One interesting approach to the hierarchy problem, first proposed in [U [2], is that the Higgs 
mass parameter is protected the pseudo-Goldstone boson of an approximate global symmetry. 
In the last few years several interesting realizations of this idea based on the little Higgs mech- 
anism have been constructed [3J Hj. These theories stabilize the weak scale up to be above 
a few TeV. Recently, the twin Higgs mechanism has been proposed as a solution to the little 
hierarchy problem [SIIEIE]- The Higgs is a pseudo-Goldstone boson of a spontaneously broken 
global symmetry. Gauge and Yukawa interactions that explicitly break the global symmetry 
give mass to the Higgs. Once a discrete symmetry is imposed, the leading quadratic divergent 
term respects the global symmetry, thus does not contribute to the Higgs model. The resulting 
Higgs mass obtains logarithmic corrections. Its mass is around the electroweak scale when the 
cut off is around 5-10 TeV. 

The twin Higgs mechanism can be implemented in left-right models with the discrete sym- 
metry being identified with left-right symmetry [6]. The left-right twin Higgs(LRTH) model 
contains t/(4)i x C/(4) 2 global symmetry as well as SU{2) L x SU{2) R x U(1)b-l gauge sym- 
metry. The left-right symmetry acts on only the two SU(2) , s gauge symmetry. The leading 
quadratically divergent SM gauge boson contributions to the Higgs masses are canceled by the 
loop involving the heavy gauge bosons. A vector top singlet pair is introduced to generate an 
0(1) top Yukawa coupling. The quadratically divergent SM top contributions to the Higgs 
potential are canceled by the contributions from a heavy top partner. The LRTH model pre- 
dicted the existence of the new heavy particles, such as heavy gauge boson Zh and W H , which 
should not be much heavier than 1 TeV. The characteristic signatures of the LRTH model at 
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the present and future collider experiments and the production and decay of these new particles 
have been studied in Ref 0, [9] . It has been shown that the charged gauge bosons from twin 
Higgs model should be either seen or excluded in the first year of running at the LHC Thus, 
it is very interesting to study production of these new charged gauge bosons at the LHC. 

In the SM framework, single production of the charged gauge boson W associated with 
a top quark is one of the important process for single top quark production. Its cross section 
is negligible at the Tevatron but of considerable size at the LHC, where it is larger than that 
of the s-channel process for single top quark production. There is an extensive work on tW 
associated production at the LHC in the literature pl]J [EH [12] • The production cross sec- 
tion for this process has been calculated at leading order, with a subset of the next-to-leading 
order (NLO) corrections included [10J. Including both the subsequent leptonic decays W —* Iv 
and t — > lub, as well as the emission of real radiation in the top decay, a NLO calculation of 
this process has been given in Ref. [1 1] . Recently, Ref. [13] has investigated single production 
of new gauge bosons associated with a top quark at the LHC in the little Higgs models. In 
this letter, we will study single production of the charged gauge boson predicted by the LRTH 
model in association with top quark and see whether the possible signals of this new particle 
can be detected via this process at the LHC. 

This paper is organized as follows, In section two, we first briefly introduce the LRTH 
model, and then give the production amplitude of the process. The numerical results and 
discussions are presented in section three. The conclusions are given in section four. 

2 The Left-Right twin Higgs model and the production 
amplitude of bg —> tWg 

The LRTH model is based on the global 17(4) i x t/(4) 2 symmetry, with a locally gauged 
subgroup SU{2)l x SU(2)r x U{1)b-l- The two Higgs fields, H and H, are introduced and 
each transforms as (4, 1) and (1,4) respectively. The introduction of the extra Higgs field H 
enlarge the global symmetry to U(A)i x £/(4) 2 . The global i7(4)i({7(4)2) symmetry is sponta- 
neously broken down to its subgroup U(3) 1(^/(3)2) with non-zero vacuum expectation values 
as (H) = (0,0,0,/) and (H) = (0,0,0,/). Each spontaneously symmetry breaking results in 
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seven Nambu-Goldstone bosons. Three of six Goldstone bosons that are charged under SU(2)r 
are eaten by the heavy gauge bosons, while leaves three physical Higgs: 0° and (p^, The re- 



that only couples to the gauge boson sector. A residue matter parity in the model renders 
the neutral Higgs H!} stable, and it could be a good dark matter candidate. After electroweak 
symmetry breaking (£W SB) , a physical Higgs boson hsM from Hl is left, which plays the role 
of the SM Higgs particle. 

The gauge interactions break the global symmetry, which generate a potential for the Gold- 
stone bosons, in particular, for the SM Higgs doublet. The left-right discrete symmetry ensures 
that the global symmetry is respected at the quadratic order and so the quadratically divergent 
mass correction contributes only to the masses of the already massive radial modes but not 
to the masses of the Goldstone bosons. After EWSB, three of the four SU(2)r x U(1)b-l 
gauge bosons become massive, with masses proportional to \J f 2 + f 2 . Since these gauge bosons 
couple to the SM matter fields, their masses are highly constrained from either precision mea- 
surements or direct searches. The large value of / does not reintroduce the fine tuning problem 
for the Higgs potential, since the gauge boson contributions to the Higgs potential is suppressed 
by the smallness of the gauge couplings. 

There are six massive gauge bosons W ± , W%, Z, Z H and one massless photon 7. For the 
charged gauge bosons, there is no mixing between the W L and W H : W L is identified with the 
SM weak gauge boson W ± while W H is much heavier than W ± and their mass are given to 
leading order by [H] 



maining Higgses are the SM Higgs doublet Hl and an extra Higgs doublet Hl = (Hi,!!®) 




where x = v/y/2f, the values of / and / will be bounded by electroweak precision measure- 
ments. In addition, / and / are interconnected once we set v = 24QGeV. Once / is fixed, the 



VEV f can be determined from the minimization of the CW potential of the SM Higgs. We 



define the Weinberg angle in the LRTH model as 
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The unit of the electric charge is then given by 

99' 

In order to give the top quark a mass of the order of electroweak scale, a pair of vector-like 
quarks qi and qn are introduced, which are singlets under SU{2)l x SU(2)r. The masse of the 
heavy top is [Sj 

ml ~ 2M 2 + m 2 t (^C - 1). (6) 

Here, the mass parameter M is essential to the mixing between the SM-like top quark and the 
heavy top quark. The top Yukawa coupling can then be determined by fitting the experimental 
value of the light top quark mass. At the leading order of 1//, the mixing angles for left-handed 
and right-handed fermions are [Sj 

The value of M is constrained by the requirement that the branching ratio of Z — > bb remains 
consistent with the experiments. It is also constrained by the oblique parameters. 

It has been shown that the collinear b component of the inclusive process gg — > tbW~ can 
be attached as a QCD NLO correction to bottom quark distribution function of the exclusive 
process bg — > tW~ at the partonic level. The LO contributions to tW~ associated production 
is best considered to arise from the process bg — > tW~ . Thus, in this paper, we only consider 
single production of the heavy charged gauge boson Wjj in association with a top quark via 
the two body final state process bg — > tWjj at the LHC as shown in Fig.l. Our numerical 
results are easy transferred to single production of the heavy gauge boson at the LHC by 
replacing b as b and i as t. 

At the leading order, the scattering amplitude of the partonic process bg — > tW^ from 
Fig. 1(a) and (b), which can be written as: 

= 2V^ u{t) 1 + M») . (8) 

where s' = (P g + P b ) 2 = (P Wh + P t ) 2 , u — (P t - P g ) 2 = (P b - Pw H ) 2 - £ i an d £ 2 are the gluon 
and Wjj polarization vectors, respectively. The constant sr is the mixing angles for left-handed 
and right-handed fermions. For a nonzero value of mass mixing parameter M in the LRTH 




Figure 1: Feynman diagrams for the partonic process bg — > tW H 

model, its value can be fixed by the symmetry breaking scales / [8]. 

The cross section for single production of the heavy gauge boson Wh associated with a top 
quark at the LHC with the center-of-mass y/s = 14TeV can be obtained by convoluting the 
production cross section a(tWn) of the partonic process bg — > tW^ with the parton distribution 
functions (PDF's): 

a(s)=f dxi [ dx2[fg/p(xi,fi)f b/p (x2,fi)a(tWH) + fb/p(x 1 ,fi)fg /p (x 2 ,fi)a(tW H )], (9) 

Jt Jt/xi 

where r = (M^- + Tnf)/s and s' = X1X2S. Though out this paper, we will use CTEQ6L 
PDF's [H] for the bottom quark and gluon PDF's. Following the suggestions given by Refs. [TQl 
HH we assume that the factorization scale \i for the bottom quark PDF is of order {My/ H + 
m t )/A. 

3 The numerical results and discussions 

In the numerical calculation, we take the input parameters as m t = 171 A GeV [15], a e = 
1/128.8, a s = 0.118 and = 0.2315 [16j. Except for these SM input parameters, the 
production cross sections of the new charged gauge boson from twin Higgs model is dependent 
on the symmetry breaking scale / and the mass of the heavy gauge boson Wh- Taking into 
account the precision electroweak constraints on the parameter space, the symmetry breaking 
scales / is allowed in the range of / = 500 ~ 1500GeV. While the mass of the heavy gauge 
boson Wh is larger than 1 TeV [S|. As numerical estimation, we will take My/ H as a free 
parameter and assume it in the range of 1 ~ 4TeV. 
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Figure 2: The cross section a(s) as a function of the mass parameter Mw H for M=150 GeV and 
different values of the symmetry breaking scales /=500, 1000 and 1500GeV. 

In Fig. 2, we plot the cross section a(s) for single production of the new gauge boson 
associated with top quark at the LHC as a function of the mass parameter M\y H for M=150 
GeV and three values of the symmetry breaking scales /. One can see from from Fig. 2 that the 
cross section er(s) increase as the symmetry breaking scales / decrease. For /=1000GeV and 
ITeV < My/ H < 3TeV, the value of the cross section a(s) is in the range of 1.3 x 10 3 ~ 1-2/6. 
If we assume the yearly integrated luminosity of the LHC is £ = 100 fb^ 1 , then there could be 
as much as hundreds of events produced each year. 

To see the influence of the symmetry breaking scale / on the cross section, in Fig. 3 we 
plot a(s) as a function of the symmetry breaking scale / for M=150 GeV and three values of 
M\y H = 2, 2.5, 3TeV, respectively. From Fig. 3, one can see that the cross section decreases as 
/ increases for fixed new gauge boson mass My/ H . This is because the value of the production 
section is proportional to the order of l// 2 , which comes from the flavor change couplings 
gW H tb _ Q n t ner hand, as long as the heavy gauge boson mass M\y H is smaller than 2 TeV, 
the cross section can even reach hundreds of fb. If we take integral luminosity £ = 100 fb^ 1 , 
there are about 10 3 — 10 5 events to be produced. There will be a promising number of fully 
reconstructible events to detect at the LHC. 

The cross section depends sensitively on the parameter M, which is the mass mixing 



7 




Figure 3: The cross section <r(s) of single Wh production as a function of the symmetry breaking 
scales / for M=150 GeV and different values of Mw H . 
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Figure 4: The cross section cr(s) of single Wh production as a function of the mass parameter Mw H 
for f=l TeV and three different values of the parameter M. 

between the SM-like top quark and the heavy top quark. In Fig.4, we plot the cross sections as 
the function of the mass parameter Mw H for three values of the parameter M, and take f=l 
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TeV as the examples. From Fig. 4, one can see that the cross section decreases as the parameter 
M decreases for fixed the symmetry breaking scale /. Our results do not change much if other 
small values of M is used. However, once M is very small or in the limit that M=0, certain 
couplings go to zero, which changes the collider signatures significantly. Furthermore, it yields 
large log divergence of the SM Higgs mass. To compensate for it the heavy gauge bosons 
also get large masses, it is natural for us to take a typical nonzero value of the mass mixing 
parameter M=150GeV in Fig.2 and Fig. 3. 

To see whether the heavy gauge boson can be observed at the LHC via the process 
PP ~^ 9^ + X — > tWtf + X, we discuss the possible decay modes of the heavy gauge boson. For 
Wtf, the dominant decay into two jets is not very useful due to the huge QCD jet background. 
Wh could decay into lv R if the right handed neutrino mass is less than M Wh . The reconstruction 
of vr can be used to reconstruct the Wh mass and distinguish the signal from the background. 
It leads to a clean signal of lepton plus missing energy. Wh could also decay into a heavy top 
plus a 6-jet, with a branching of about 20% — 30% [Sj. Depending on the subsequent decays of 
the heavy top, we expect to see signals of 46+ lepton(e or //) + missing or 2b + tri-lepton 
+ missing Er- Although the signal is smaller due to the small leptonic Z, W decay branching 
ratios and small Br(T — > Zt), the tri-lepton signal provides a very nice suppression of the SM 
background. The Wh — > tb branching ratio is of the order of 4% or less, which has been studied 
in Ref.[17j. It has been shown that at the LHC, with 10 — 1 luminosity, a reach of 3 — 4 

TeV is possible at 95% C.L. 

4 Conclusion 

The twin Higgs mechanism provides an alternative method to solve the little hierarchy problem. 
The LRTH model is a concrete realization of the twin Higgs mechanism. The cancelations of 
divergences occurs by alignment of vacua and existence of several new particles. The new 
particles in the LRTH model are heavy top quark, new gauge bosons, and several scalars. In 
this letter, we investigate single production of new charged gauge boson W^, which is predicted 
by the LRTH model, can be abundantly produced at the LHC. The collider phenomenology of 
the LRTH model depends sensitively on the parameter M, which is the mass mixing between 
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the SM-like top quark and the heavy top quark. For a typical nonzero value of the mass mixing 
parameter M=150GeV, our results show that as long as the new charged gauge boson is not 
too heavy, the possible signatures of the heavy charged gauge boson might be detected at the 
LHC experiments. Certainly, more detailed analysis of the SM background would be needed 
to make a quantitative conclusion for the observation. 
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